Abstract-Cylindrical near-field measurement systems are being widely demanded, especially for imaging applications at millimeter-wave frequencies. One of their most important drawbacks is the long time required to perform a full measurement of an antenna. To avoid multiple receivers, the probe is mechanically moved to the points where the field must be measured. The mechanical movement increases the time required to take a full measurement. The process may be sped up in several ways. This letter proposes the use of a pattern reconfigurable slot-array antenna as a probe. The switching among the different patterns is carried out electronically by RF-MEMS, which are placed over the different slots. Simulations and measurements of a model in the X-band are shown in this letter.
I. INTRODUCTION
C YLINDRICAL near-field measurement systems perform the measurement of an antenna under test (AUT) by a combination of two mechanical movements. The first one rotates the AUT to measure at different -positions (roll). The second one moves vertically along the probe to measure at different -positions [1] . This last sweep may require a long time to be performed. For this reason, several fast measurement systems have been implemented [2] . These systems use electronically reconfigurable probes to speed up the scanning.
The main drawback of the above solution is the requirement of several receivers. At high frequencies, e.g., at millimeterwave frequencies, the requirement of a high number of receivers significantly increases the system cost. To avoid this problem, this letter proposes a reconfigurable slot-array antenna [3] to be used as a probe.
The resulting system combines both mechanical movement for the roll sweep and electronic scanning for the vertical sweep. To do that, the proposed antenna is placed vertically parallel to the -axis in the cylindrical measurement system. The pattern reconfiguration allows the AUT to be measured in the near-field region at different -positions by shifting the phase center of the probe pattern.
Also, the proposed antenna can be useful in many other systems, for instance in a passive system at millimeter-wave frequencies. At these frequencies, all natural objects with a temperature above 0 K emit passive radiation, and waves penetrate the most common clothes materials, e.g., cotton or jeans [4] . These two characteristics can be used to detect, by means of a passive imaging system [5] , concealed weapons in security applications [6] . These systems must take images in a short time. The use of the proposed antenna as a receiver may reduce the time required to take a full image. The linear reconfigurable slot-array antenna proposed in this letter uses a rectangular waveguide to feed the slots. The electronic scanning of the antenna is performed by activating groups of consecutive slots and leaving the rest inactive. By sweeping the active slots along the array, the phase center of the near-field pattern is moved accordingly to the center of the active slots.
The activation of the different slots is done by means of RF-MEMS [7] placed over each slot. They are widely used at low frequencies (around 1-20 GHz) for antennas and devices [8] , [9] . At higher frequencies, several studies have been reported about RF-MEMS working up to 100 GHz [10] , [11] . These high-frequency RF-MEMS are all monolithic and are not yet commercially distributed.
In this letter, however, the study, simulations, and practical measurements are shown for a model in the X-band, where RF-MEMS are commercially available. Specifically, in this letter, the SPST, Broadband (0-40 GHz) RF-MEMS Switches, distributed by RadantMEMS [12] , are considered. These packaged devices work up to 40 GHz with good isolation and insertion losses. Dimensions and special characteristics of these RF-MEMS are taken into account during the design of the antenna.
This letter is organized as follows. First, Section II describes the system and the proposed slot-array antenna. Then, Section III details the way in which the RF-MEMS are placed over each slot. Later, in Section IV, the whole antenna with the inserted RF-MEMS is described, and several results are shown. Finally, some conclusions and future work are commented on.
II. SLOT-ARRAY DESIGN
The antenna proposed as a probe in the cylindrical measurement system is a slot-array antenna over a rectangular waveguide (WR-90). including the most important physical parameters. These parameters can be optimized to obtain the best response. In the proposed antenna, the range of possible values for these parameters depends on the system operation. For this reason, first the system operation is explained, and then the optimization of the slot-array antenna is studied.
A. System Operation
The proposed system is based on the translation of the radiating area, from one side to the other side of the antenna. To do that, part of the antenna must radiate, and the rest of the antenna must not contribute to the radiation. This is achieved in the antenna depicted in Fig. 1 by activating a group of consecutive slots and shorting the rest of slots. The way in which each slot is shorted will be explained in Section III.
The configuration of the active slots determines the radiation characteristics of the antenna. In addition, the number of active slots and total slots, as well as the sweep step, determine the number of states. As an example, it may be considered the case of an array formed by eight slots, with four slots active, and a sweep step of one slot per state. Fig. 2 shows the first two states of this system, where the shorted slots are crossed by a black line.
As can be observed in Fig. 2 (a), when the antenna is in state 1, the first four slots (1-4) are active, and the other slots (5-8) are shorted. This means that slots 5-8 do not radiate, and hence the phase center of the radiation pattern is centered on slots 1-4.
State 2 can be observed in Fig. 2 (b). In this case, since the sweep step is 1, the active slots have been moved to slots 2-5. To do that, slot 1 has been shorted and slot 5 has been opened. Hence, the radiation pattern is centered on slots 2-5, i.e., it has been moved (see Fig. 1 ) along the array axis. The sequence can be followed by moving the active region along the array axis for all the possible states-five in this example. In general, considering a one-slot step, the number of states is , where is the total number of slots and is the number of active slots.
B. Slot-Array Antenna
The optimization of the slot-array antenna is carried out by controlling the parameters indicated in Fig. 1 , i.e., the length of the slots, the width of the slots, the distance of the slots to the waveguide centerline, and the axial separation between the slots. Some characteristics of these parameters are prearranged due to the system performance. This section details these restrictions.
The length , width , and distance must be the same for all the slots. Note that all the states must share the same configuration of the slots since just a translation of the radiation pattern is desired. Regarding the shape of the slots, several options exist. While a rectangular shape allows a low cross polarization but with a low bandwidth, an elliptic shape offers a wider bandwidth at the expense of a higher cross polarization. Also, the elliptic slots can be manufactured more easily than the rectangular slots due to the absence of corners. For these reasons, an elliptic shape, shown in Fig. 3 , is considered. Similar parameters ( and , axes of the ellipse) must be optimized.
The axial separation must also be the same for every pair of slots. The choice of this parameter requires to decide previously whether the slot-array antenna works as a resonant array or as a traveling-wave array. In order to enhance the bandwidth, a traveling-wave design has been chosen. The reflected signal at the end of the waveguide may be reduced by placing a matched load at this point.
Traveling-wave designs require the slots to not be in phase. This is because if all the slots are in phase (e.g., , where is the guide wavelength), the signal reflected by each individual slot is added in phase, and hence, a good matching is not possible. By applying a phase offset to each consecutive slot, matching is considerably improved, but a nonbroadside radiation pattern is obtained. This problem can be avoided in the final system by placing the probe higher than the AUT.
The phase offset can be applied by suitably choosing a constant separation . In order to minimize the grating lobes, a separation less than must be chosen. In this letter, was chosen as a tradeoff between grating lobes and pointing angle.
As an example, an array with 16 slots (from now on antenna #1) was simulated with Ansoft HFSS [13] . The number of active slots was 4, i.e., the antenna had 13 states (see Section II-A). The optimization was carried out at 9.5 GHz, and an ideal switching of slots was assumed. Fig. 4 shows the -parameters in four different states (state 7 corresponds to the activation of the four central slots). As shown in Fig. 4(a) , the antenna is completely matched in all the band. Fig. 4(b) shows the parameter with a minimum at 9.5 GHz. At this frequency, the 75% of power is radiated, and just the 25% of power is dissipated in the load. For a traveling-wave array, it is normally recommended a power absorption in the load of just 10% [3] . However, an absorption of 25% was the minimum that could be achieved in this case, for an array of four active slots, at 9.5 GHz and using the WR-90 waveguide. Fig. 5 shows the near-field pattern in the H-plane (on a line parallel to the waveguide centerline and separated 20 cm) for four different states. As can be seen, the near-field pattern is correctly scanned for the different states. The step between states at the peak of the beam is 1.67 cm [see Fig. 5(b) ]. The patterns for all the states are shifted 12 (3.53 cm) with regard to the broadside direction of the active slots due to the previous choice . The near-field pattern at three different frequencies (at both band edges and at the center of the band) is shown in Fig. 5 (c) for state 7. As can be observed, apart from a small change of level and a widening of the main beam, the near-field pattern is stable (in shape and pointing) within the 5% of bandwidth shown in Fig. 4 .
III. SWITCHING DEVICES: RF-MEMS
The proposed structure requires switching devices to change the state of every slot. There are two main types of switching devices, p-i-n diodes [9] and RF-MEMS [7] . p-i-n diodes offer higher reliability and require lower voltage or current drive, whereas RF-MEMS present high isolation, low insertion losses, and very good linearity [10] . In this letter, RF-MEMS are used because of their high isolation and low insertion losses.
Recently, several reconfigurable antennas have been proposed that make use of RF-MEMS devices to modify their radiation patterns [14] or their operating frequency [15] .
In this letter, the RF-MEMS are used to switch on and off the slots and thus shift the near-field pattern of the antenna. To do that, commercially available RF-MEMS, which are generally designed for any application, are used. Specifically, this letter considers the model SPST, Broadband (0-40 GHz) RF-MEMS Switch of RadantMEMS [12] , which works up to 40 GHz. Specific characteristics of these switches can be seen in [12] . Concerning the characteristics of the RF-MEMS, it must be pointed out that the Radant's RF-MEMS include a ground layer of gold extending the whole chip (1.42 1.37 mm ). From the point of view of the slots' radiation, this is a major drawback and, hence, must be taken into account in the slot-array design. Also, the substrate over which the RF-MEMS is manufactured, typically gallium arsenide, must be taken into account, as well as the bond wires necessary to connect the slots' plate to the switches.
Furthermore, in order to guarantee a correct system operation, a feeding network must be added to the bias pad of the RF-MEMS [12] , [14] . The aim of the feeding network is to avoid the RF-signal going through the dc power supply. This isolation is preserved by means of a line and a radial stub attached to the bias pad. Thus, an open circuit is seen from the bias pad. This feeding network is a narrowband configuration presenting a 5.8% of bandwidth. However, the proposed slot array has a bandwidth of around 5% (4% if rectangular slots are used). Consequently, the slot-array antenna is not affected by the feeding network bandwidth.
All these features have been considered in the simulations performed with Ansoft HFSS [13] to design the proposed antenna. Fig. 6 shows the structures modeled in HFSS to simulate the effect of both the RF-MEMS and the feeding network. As can be observed in Fig. 6(a) , not only the packaged RF-MEMS, but also the bond wires (green color), required to connect the RF-MEMS to the circuit, have been included in the simulation. Furthermore, a metallic strip connecting both ports has been used to simulate the states of the RF-MEMS (when the strip touches the pads, the device is closed, and when the strip is away from the pads, the device is open). Also, Fig. 6(b) shows that dc power is applied in the intermediate point connecting the line and the radial stub, where the open-circuit condition takes place.
IV. RECONFIGURABLE SLOT-ARRAY ANTENNA: RESULTS
The insertion of the RF-MEMS inside the slot entails a major problem. The RF-MEMS dimensions are comparable to the slot width in the X-band. This means that if the RF-MEMS were placed in the middle of the slot, the slot would always be shorted. For this reason, this letter proposes the use of a substrate to separate the plate of the slots and the RF-MEMS ground plane. By doing so, the RF-MEMS and the slots are separated by the substrate height. Fig. 7 depicts the relative position of the RF-MEMS and the slot. As can be observed, the metallic surface where the slots are placed (in green) is not on the same plane as the RF-MEMS. Both planes are connected by metallic via-holes (red cylinders). Thus, the current flows from the plate of the slots to the RF-MEMS input pad through a metallic via-hole. Only when the RF-MEMS is closed, the current flows through the RF-MEMS and goes back to the plate of the slots through the other metallic via-hole, leaving the slot shorted.
The choice of substrate must take into account the electric height of the substrate. The aim is to choose a thick enough substrate to avoid the slots to be always shorted, but not so thick to permit strong surface-wave propagation. In this letter, a substrate with a permittivity of 2.2 and a height of 3175 m has been chosen. This means an electric height of around , which is a good tradeoff. Fig. 8 shows an antenna formed by four slots (from now on antenna #2) with their respective RF-MEMS and feeding networks. In Fig. 8(a) , the color of the substrate (blue) has been set to opaque to see what is really seen from a top view of the antenna. In order to observe the relative position of the RF-MEMS and the slots, the substrate color has been set to transparent in Fig. 8(b) .
The antenna shown in Fig. 8 was simulated with Ansoft HFSS [13] and later manufactured. An optimization process was carried out, and as a result, cm, cm, and cm were obtained. This optimization assumed a nonideal separation of the metallic strip to the RF-MEMS pads. This strip simulates the effect of the metallic contact that takes place inside the RF-MEMS to produce the RF-switching. Since, in a real RF-MEMS, this small separation produces a parasite capacitance that shifts the response in frequency, simulations took into account such capacitance ( 2 fF).
For the sake of simplicity, the simplest configuration was assumed. This means that just two states were considered: the ON state when all the RF-MEMS are closed and the slots are shorted, and the OFF state, when no dc power is applied to the RF-MEMS, and hence the RF-MEMS are open and all the slots radiate.
A short circuit was placed at the end of the waveguide (at away from the last slot) to avoid the design of a perfectly matched load. By doing so, the power reaching the short circuit was reflected and partly reused in the last slots. This configuration was applied and simulated at the end of the design of the traveling-wave array antenna to evaluate the effect of the short circuit, and a small distortion was observed. Simulations include this distortion. Fig. 9 shows the manufactured slot-array antenna #2. The feeding networks and the metallic rectangle over which each RF-MEMS is glued were made of gold to allow a proper attachment to the RF-MEMS (according to device specifications) and to be able to correctly connect the bond wires. Fig. 9(b) shows a photograph of one RF-MEMS on the substrate layer with the bond wires.
Measurements and simulations of the slot-array antenna depicted in Fig. 9 are compared in Fig. 10 to all the RF-MEMS in OFF state and ON state. Results show the switching effect between the states in the parameter. As can be observed, the obtained bandwidth is 5%, and the isolation between states is 9 dB. This isolation is affected by the bad operation, subsequently tested, of a RF-MEMS during measurements. Otherwise, the isolation would have been 14 dB.
The radiated field of the four-slot array antenna #2 was also measured in the OFF and ON states. Fig. 11 compares the simulated and measured near-field patterns at 20 cm assuming that is the broadside direction. As can be observed, there is an isolation of 12 dB at maximum between the studied states due to the switching effect. Also, the radiation efficiency was computed for both states, and it obtained an efficiency of 36% for the ON state and 93% for the OFF state. All these data confirm that, in the ON state, the slots are all shorted and the antenna significantly reduces the radiated power with regard to the OFF state, where almost all the power is radiated.
V. CONCLUSION This letter presents a new reconfigurable slot-array antenna. The reconfiguration is achieved by switching each slot individually using a commercially available RF-MEMS. Switching operation allows to move the phase center of the near-field pattern of the array, from one side to the other side of the array.
In order to switch every slot, the use of a substrate layer between the RF-MEMS and the slots is proposed. By placing the RF-MEMS and the slots on each side of the substrate, the connection between both sides is done by means of metallic via-holes. This structure has been simulated and fabricated in the X-band. Measurements confirm the good performance obtained for both matching and radiation. These results let us conclude that the proposed reconfigurable antenna works correctly in different states.
Also, since the correct operation of the basic four-slot array has been verified, it may be assumed that the extension to a higher number state, e.g., the 16-slot array shown in this letter, will work properly.
The resulting antenna allows fast measurements to be performed. Although simulations and measurements in the X-band have been shown, similar conclusions will be obtained when scaling the antenna at higher frequencies, e.g., at Ka-band or millimeter-wave frequencies. In this case, special considerations will have to be considered, e.g., the use of monolithic RF-MEMS or other types of substrate.
